We summarize the analysis of observations made by the Rossi X-ray Timing Explorer and the Swift/Burst Alert Telescope at the time of the recent flaring activity of the transient X-ray pulsar 2S 1553−542. The binary system is characterized by the projected semimajor axis a x sin i of 168 ± 18 light-seconds, the binary orbital period P orb of 29.56 ± 0.53 d and the X-ray mass function f x (M) of 5.3 ± 1.2 M . We also found P spin = 9.2829 ± 0.0003 s witḣ P spin = −2.54 ± 0.83 × 10 −9 s s −1 , i.e. a spin-up rate of (Ṗ spin /P spin ) = −8.62 × 10 −3 yr −1 . The spin period is found to decrease more slowly than that of most other X-ray pulsars. As the flare decays with time, the structure and X-ray counts in the pulse profile showed considerable variability. However, no significant structural variability is seen in single-peaked pulse profiles in different energy bands. Pulsed fraction decreases with the decay of the flare but its value at different energy bands showed a discontinuity. Using X-ray spectroscopy at different orbital cycles, we have detected the presence of the Fe Kα emission line in the spectra with a minimum significance of 3σ . Apart from a consistent increase in blackbody temperature, other spectral parameters are found to be stable throughout orbital cycles. From detailed spectral and timing analysis, we concluded that the X-ray flare is spectrally hard and we confirmed the nature of the compact object as a transient, accretion-powered, spin-up X-ray pulsar with a Be-type companion.
I N T RO D U C T I O N
The transient X-ray source 2S 1553−542 was discovered at the time of outburst in observations using the rotation modulation collimator onboard Small Astronomy Satellite 3 in 1975 June (Apparao et al. 1978 and reference therein) as a part of a systematic survey of the Galactic plane. Later, from the detailed analysis of the same data, Kelley, Rappaport & Ayasli (1983) found that the source is a transient X-ray pulsar with the period of 9.3 s. They also found large variation in the spin period. Analysing different timing properties of the source and finding similar properties with the Be/X-ray binary pulsar 4U 0115+63 (Rappaport et al. 1978) , they concluded that the X-ray pulsar is probably in a binary orbit with a Be-type companion star where the binary orbital period is 30.6 ± 2.2 d and the X-ray mass function is 5.0 ± 2.1 M . Interestingly, their estimation shows E-mail: mp@tifr.res.in (MP); sabyasachi.pal@icrar.org (SP) that the eccentricity of the binary orbit is quite small (e < 0.09) while the orbital separation is quite large [a x sin i = 164 ± 22 lightseconds (lt-sec)]. From this, they inferred that the binary system evolved over a sufficiently long time to circularize the orbit in spite of weak tidal interaction or the supernova explosion that gave birth to the central neutron star left the orbit somehow circular. The mass transfer to the compact star is due to the huge mass-loss from the equatorial region of the rotating companion star which produces outbursts on the surface of the neutron star (Kriss et al. 1983) . Pfahl et al. (2002) proposed a new class of high-mass X-ray binaries (HMXBs) which consists of six HMXBs (including 2S 1553−542) sharing the common properties of a long orbital period (P orb ≥ 30 d) and low eccentricity (e ≤ 0.2). To explain the observed properties of this class, they speculated on a scenario where the members of this class contain a neutron star which received fairly small kick velocity (≤50 km s −1 ) at the time of formation. Recently, the increased flaring activity of this source was reported by observers using the Burst Alert Telescope (BAT) onboard the Swift satellite (Krimm et al. 2007 ) and was further followed up using the All Sky Monitor (ASM) and the Proportional Counter Array (PCA) onboard the Rossi X-ray Timing Explorer (RXTE) satellite (Pal & Pahari 2008) . This is the first time the flaring behaviour of the source has been observed in detail since 1975.
Here we summarize the timing and spectral properties of the source during the flaring activity as observed by the RXTE. Analysing the X-ray data for more than two complete orbits, we found that the average X-ray pulsation period is P spin = 9.2829 ± 0.0003 s which gradually decreases with time at a ratė P spin = −2.54 ± 0.83 × 10 −9 s s −1 . Pulsed fraction (PF) also gradually decreases with time, although single-peaked pulse profiles do not vary significantly in different energy bands. However, the plot of PF for different energy bands shows a discontinuity, the reason for which is unknown. We detected a broad iron emission line in the X-ray spectra at different orbital cycles, and other spectral parameters are found to be stable throughout. Combined timing and spectral analysis established the source to be an accretion-powered, transient Be/X-ray binary.
O B S E RVAT I O N A N D DATA A NA LY S I S
We analysed data taken by the RXTE/ASM, RXTE/PCA, RXTE/HEXTE and Swift/BAT covering the entire decay phase of the flaring activity. Table 1 gives the RXTE observation history including observation dates and exposure times.
The detection of the source was first made by the Swift/BAT when the peak flux of the source was close to maximum. Subsequently the RXTE regularly monitored the source from 2008 January 6 (MJD 544 71.15) to 2008 March 20 (MJD 545 45.69), i.e. a span of 74 d. As the binary orbital period of the system is 30.6 ± 2.2 d (Kelley et al. 1983) , this interval covers about two and a half complete orbital cycles. Data from the RXTE/PCA and the RXTE/HEXTE were reduced using LHEASOFT 6.10. We used standard filtering criteria in generating a good time interval (like the exclusion of time for the South Atlantic Anomaly of 30 min, offset pointing <0.
• 02, elevation above earth limb >10
• , RXTE/PCA breakdown events, etc.) for all observations. Using the information from the JPL 2000 ephemeris file and orbit file for each observation, photon arrival times were corrected to the barycentric time for all data before extraction and, later, background subtraction was applied to extracted data. Due to poor statistics, we were unable to create background files for the RXTE/HEXTE data; hence, we excluded it from our analysis. For the PCA data, we used observations from all layers of PCU2 only in order to maintain uniformity and best data quality throughout the whole analysis. The RXTE has a large field of view of 1 square degree but the chance of contamination from nearby sources is negligible as there are no strong X-ray sources within 1
• of 2S 1553−542.
Timing analysis
We extracted a light curve from the science event data with the resolution of 1 ms. To produce the light curve, we used 0.5 s time binning. To find out periodicity in the time series, we selected background-subtracted, barycentre-corrected, clean and continuous data and used the efsearch task in FTOOLS which folds light curves over a trial period range and determines the best period by maximizing χ 2 as a function of period. Uncertainties in the observed spin period are calculated from the plot of χ 2 versus spin period given by the efsearch tool. After determining the best spin period value for each observation, pulse profiles are obtained (using the efold task in FTOOLS) by folding light curves and the error is calculated using the error propagation method for each phase bin.
In order to study the power spectral properties of the source and the possible presence of quasi-periodic oscillations (QPOs), power density spectrum analysis has been done using the powspec routine of FTOOLS 6.10 which uses an FFT algorithm. Power density spectra with the bin time of 1/64 s and the Nyquist frequency of 32 Hz have been created using event mode data in the 2.0-60.0 keV energy range. First, we generated and appended the appropriate bitmask expression for filtering event files and then the modified science event files were used to extract light curves. Next, applying other corrections in the light curve, we used the RMS normalization (Leahy et al. 1983 ) method to compute the Fourier power density spectrum between 0.0078 and 32 Hz. To model the Poisson counting noise level in the power spectrum, we used the constant+powerlaw model while the excess power in the fundamental peak and its harmonics were modelled using the Lorentzian function.
Spectral analysis
X-ray spectra at different orbital cycles are extracted using the Standard2 RXTE/PCA data having 16 s time resolution. All spectra are extracted using all layers of PCU2 only. As the count rate is high (>50 counts s −1 PCU −1 ) (see Fig. 1 ), the bright source background model is used to calculate background spectra. Due to a very low spectral signal-to-noise ratio and inefficient spectral response, we excluded the spectra above 30.0 keV and below 2.5 keV from our analysis. 1 per cent systematic error was assumed while fitting. We found that the continuum of the spectrum can be well fitted with the combination of a soft X-ray blackbody emission model component (bbody in XSPEC) and a broken power-law model component (bknpower in XSPEC). The blackbody component is presumed to arise near the surface of the neutron star, and the hard reprocessed X-ray continuum is assumed to be represented by the power-law component which has a high-energy rollover. During spectral fitting, we keep the hydrogen column density (N H ) as a free parameter to check whether any local absorption of the soft component plays an important role in deciding spectral parameter values. Fitted parameter values of spectra at different orbital phases are provided in Table 2 .
RESULT
In Fig. 1 , we have plotted a typical light curve of 2S 1553−542 as observed on 2008 January 9 (MJD 544 74.83). From this figure, it is clear that the peak fluxes of all pulses are not the same and some irregularities (like subpulses) are observed. The two-day averaged RXTE/ASM light curve (between 2.0 and 12.0 keV) and one-day averaged Swift/BAT light curve (between 15.0 and 150.0 keV) during the flaring activity of the source are shown in Fig. 2 . The Swift/BAT light curve shows a typical slow decay from the peak of the outburst. Due to data gap, we missed the rise profile of the flare. The RXTE/ASM light curve shows the peak of the flaring activity near 2007 December 16 (MJD 544 50). It took ∼70 d for the source to decay from the peak of the flare to the low hard state (see Fig. 2 ). Thus the whole flaring activity took at least 70 d to complete which is typical for the outburst time-scale of a Type II outburst (outburst with larger and irregular variation), but the intensity is much lower (at least 100 times) than that of a typical Type II outburst Rodriguez et al. 2011) . Hence rather than outburst, the X-ray flaring activity is a more appropriate term to describe the observation. The times of the RXTE/PCA observations are also marked by blue bars in Fig. 2 . We checked the RXTE/ASM intensity of the source spanning over 10 yr and found that the source hardly undergoes any major flaring activity. The ratio of the average peak intensity of the flare to the average intensity of the low hard state/non-detectable state was found to be ∼13 in the energy range 15.0-150.0 keV from the Swift/BAT light curve while it is ∼8 in the energy range 2.0-12.0 keV from the RXTE/ASM light curve.
In Fig. 3 , we plot the pulse profile in different energy bands as observed on 2008 January 9. Pulses are single peaked and featureless, i.e. one of the two hotspots is observed. Pulse structure did not vary significantly between different energy bands. However, the time-dependent variability of pulse profiles was noted. To study the variation quantitatively, we plotted the variation of PF with time. Because the PCA is not a focusing instrument, the PF could not be accurately determined from these data (Livingstone et al. 2011 ). However, RXTE monitoring also allows the study of the evolution of the PF of these sources. To obtain a PF time series of 2S 1553−542, we used the following method. First, for each observation, we used 1000 s clean, background-subtracted data and produced the pulse profile with 20 phase bins across the profile in the 2.0-60.0 keV energy range. These pulse profiles are normalized to count rate such that the average count rate is 1 and the total count rate is 20. For estimating the PF, we used a simple rms formula,
where N is the total number of phase bins, p i is the count rate in the ith phase bin of the pulse profile and p is the average count rate. Using variances, we calculated errors on PF. The unit of PF is normalized as counts s −1 . For the details of the method of calculation, see Dib, Kaspi & Gavriil (2008) . The variation of PF with time and the time evolution of folded pulse profiles are shown in Fig. 4 . This figure shows that PF decreases with the decay of the flaring activity, and the pulse shape also changes significantly. To check the nature of the energy dependence of PF, we calculated PF values in different energy bands which is shown in Fig. 5 . Error bars in the x-axis are the X-ray energy band range in which PF values are calculated. Contrary to the large variation in PF values in different energy bands, profile shapes are found to vary insignificantly in different energy bands.
To determine the nature of the X-ray brightening, we produced the hardness intensity diagram (HID) (Fig. 6 ) using the Standard2 science array data having 16 s time resolution. We define hard colour as the ratio of the count rate in the 12.0-60.0 keV energy band to that in the 2.0-5.0 keV energy band, and the total intensity is defined as the count rate in the 2.0-60.0 keV energy band. The spectral evolution along the HID shows that the flaring activity becomes harder as it decays in time. Hardening of the X-ray state in this source was also reflected in spectral modelling. The broken powerlaw model component of the spectrum, which describes the hard power-law-like continuum with a break at high energy dominated in terms of flux over the soft component. Hence, the nature of the flaring activity is hard in general.
Since the pulse profile evolved significantly along the flaring activity, the accuracy of the determination of the pulse arrival time is limited. Hence in order to estimate orbital parameters, we used the variation of the spin period with the time of different orbital positions of the source. The variation of the spin period over the time of the flaring activity is shown in Fig. 7 .
To model the observed spin period variability P spin (T), we defined the following function:
where T ref = 544 73.54 MJD is the reference time for the spin period, T 0 is the time of superior conjunction, A is the amplitude of the variability, P orb is the orbital period and f (T − T ref ) is the function that is assumed to modulate the observed sinusoidal variation seen due to the orbital Doppler effect. First, we took a linear form of the function:
where a 0 is the spin period P spin and a 1 is the period derivativeṖ spin . Unfortunately, this form yielded unacceptably high residuals. To consider the more realistic form of the function, we assumed the following quadratic form:
From the best fit, we calculated orbital parameters using the coefficients of equation (4). The χ 2 goodness-of-fit statistics improves upon switching from the linear to the quadratic form. The bestfitting parameter values along with errors are given in Table 3 .
From the study of the power density spectrum (Fig. 8) , we have not found any evidence of QPOs up to 100 Hz. Kelley et al. (1983) found fundamental and one harmonic in their power density spectrum. Here, using the RXTE/PCA data with high time resolution, Table 3 . Pulsar spin and orbital parameters.
Pulsar parameters
Value P spin (s) 9.2829 ± 0.0003 P spin (s s −1 ) −2.54 ± 0.83 × 10 −9 P spin (s s −2 )
1 . 3 8 ± 0.14 × 10 −15 P orbit (d) 29.56 ± 0.53
5 . 3 ± 1.2 T 0 (JD−240 0000.5) (d) 544 88.38 ± 0.51 P spin is the pulsar spin period,Ṗ spin is the spin period derivative,P spin is the double derivative of the spin period, P orbit is the orbital period, a x sin i is the projected semimajor axis of the X-ray star, f x (M) is the X-ray mass function and T 0 is the time of superior conjunction assuming a circular orbit. we were able to produce fundamental pulsation at 0.107 Hz and its five harmonics. The result of power density spectrum fitting with the (constant+powerlaw+6 Lorentzian components) model is summarized in Table 4 , and the model-fitted power density spectrum is shown in Fig. 8 . The power-law index of the fit is −0.30 ± 0.05. In Fig. 9 , we have shown the unfolded energy spectrum of the observation on 2008 January 9 along with the best-fitting model. Individual model components and the residual of fittings are also included in the figure. In the left-hand panel of the figure, the unfolded spectrum fitted with the bbody+bknpower model in XSPEC and its residual are shown, and in the right-hand panel, the fitting with the bbody+bknpower+gauss model in XSPEC and its residual are shown. The residual clearly shows a hump-like feature near 6.5 keV (lefthand panel of Fig. 9 ). The resulting fit yields χ 2 /d.o.f. = 83.92/44. To consider the presence of the hump in the residual, we added a Gaussian emission line component near 6.4 keV. This addition clearly improves the fit significantly (right-hand panel of Fig. 9 ). The resulting fit yields χ 2 /d.o.f. = 27.87/41. An F-test between two fit statistics yields a probability of 6.59 × 10 −10 which is, at least, significant by more than 3σ . Hence, we detected the presence of the Fe Kα emission line in the spectra of individual day with a minimum significance of 3σ . For all observations, the equivalent width of the Fe Kα line, as estimated by the Gaussian model, is found to vary between 0.43 ± 0.035 keV and 1.07 ± 0.073 keV. To study the spectral evolution of the source with the decay of the flaring activity, we plot the variation of spectral parameters of the fitted energy spectra at different orbital cycles in Fig. 10 . Except the small increase in blackbody temperature along the decay phase of the flaring, all other spectral parameters are found stable throughout all observations.
D I S C U S S I O N
The result of our analysis provided some very important aspects of the system which we will discuss below.
First, we found strong support for our source to be a Be/Xray binary system. Be/X-ray binaries [for a review of Be/X-ray binaries, see Zi'lkowski (2002) and Negueruela (1998) ] form the most numerous class of massive X-ray binaries in the Galaxy. These systems usually have a long orbital period (P orb > 15 d) and these systems contain two temporary quasi-Keplerian discs − an accretion disc around the neutron star and a decretion disc around the Be star. Earlier Kelley et al. (1983) found some pieces of evidence of 2S 1553−542 to be a Be/X-ray binary. But due to the unavailability of a necessary instrument for spectroscopy, they were unable to produce the spectrum of the source. With the RXTE, both timing and spectral study of 2S 1553−542 are made possible. We list below pieces of supportive evidence, which prompt us to suggest the nature of the 2S 1553−542 binary to be a Be/X-ray binary:
(i) detection of the Fe Kα emission line in the spectra, (ii) hard X-ray spectrum, (iii) observation of the variability of the pulse profile with time during the decay of the flaring activity, (iv) single-peaked pulse profile and (v) long orbital period with very low spin-up rate.
Secondly, Townsend et al. (2011) performed an extensive study on the orbital parameters of several HMXBs. Using the Corbet diagram ( fig. 5 of Townsend et al. 2011) , they showed that HMXBs with the typical spin period of 10 s and the orbital period of 30 d should be Be/X-ray binaries. Liu, Chaty & Yan (2011) found that two supergiants (SGs) -IGR 18483−0311 and IGR J11215−5952 -occupied the same area in the Corbet diagram as other Be/X-ray binaries occupied. They found that these two sources were evolved from O-emission X-ray binaries. Hence, there is one possibility that SGs can be evolved from Be/X-ray binaries. Since all SGs are highly luminous (typically 3 × 10 4 -10 5 L ), SG binaries are found to be associated with optical counterparts where the spin period is in equilibrium with the stellar wind from its binary companions. No optical counterpart is detected so far for the 2S 1553−542 binary system. So, the counterpart of 2S 1553−542 is not an SG star.
The spin-up rate found in the analysis is slower than the typical spin-up rate of an accreting X-ray pulsar. Previously the slow change in the spin period was interpreted as either due to the precession of the orbit or due to the torque exerted by the accretion disc on the rotational neutron star or due to the variation of the angle between the observer's line of sight and the magnetic dipole axis. The stability of pulse profiles in different energy bands and the stability of spectral parameters in different orbital phases clearly state that the radiation mechanism does not vary significantly throughout the decay phase of the flaring whereas the high time variability seen in the shape of a pulsar profile and an increase in the spin period show that the accretion geometry is largely affected during the flaring activity of the source (Kajava et al. 2011) . Surprisingly, all these phenomena are usually seen in accreting millisecond pulsars. The reason of this remarkable similarity is unknown. Since the distance of the source is unknown, assuming the distance of this galactic source to be 10 kpc, the X-ray luminosity corresponding to the peak flux is 1.34 × 10 37 ergs s −1 . Since 2S 1553−542 is accreting during the outburst, we can use the accretion torque theory (Ghosh & Lamb 1979) to predict that the mass of the neutron star should be between 0.5 and 1.0 M for the magnetic moment μ 30 /10 30 G cm 3 = 0.48. Since the accretion on to the surface of the neutron star is non-steady and the accretion rate is low, the Kruskal-Schwarzschild instability (Kruskal & Schwarzschild 1954) might play an important role in the unstable regime where plasma interacts with magnetic field at the inner edge of the disc and allow the plasma to drip through the magnetopause and the magnetosphere. The detailed study of this, however, is out of the scope of this work.
C O N C L U S I O N
In this paper, we summarized the results of the observations of 2S 1553−542 when it was in flaring phase after a long quiescence since 1975. Distinct time variability in the pulse profile was seen. We presented the modified orbital parameters of the source. The timing and spectral properties of the source are consistent with the suggestion that the source has a Be-type binary companion. The observed slow spin-up rate can be accounted for by the torque which arises due to the interaction of the magnetosphere of the neutron star and incoming transient plasma disc.
